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The coupling of light-induced electron transfer and proton uptake
as derived from crystal structures of reaction centres from
Rhodopseudomonas viridis modified at the binding site
of the secondary quinone, QB
C Roy D Lancaster and Hartmut Michel*
Background: In a reaction of central importance to the energetics of
photosynthetic bacteria, light-induced electron transfer in the reaction centre
(RC) is coupled to the uptake of protons from the cytoplasm at the binding site
of the secondary quinone (QB). In the original structure of the RC from
Rhodopseudomonas viridis (PDB entry code 1PRC), the QB site was poorly
defined because in the standard RC crystals it was only ≈30% occupied with
ubiquinone-9 (UQ9). We report here the structural characterization of the QB
site by crystallographic refinement of UQ9-depleted RCs and of complexes of
the RC either with ubiquinone-2 (UQ2) or the electron-transfer inhibitor
stigmatellin in the QB site.
Results: The structure of the RC complex with UQ2, refined at 2.45 Å
resolution, constitutes the first crystallographically reliably defined binding site
for quinones from the bioenergetically important quinone pool of biological,
energy-transducing membranes. In the UQ9-depleted QB site of the RC
structure, refined at 2.4 Å resolution, apparently five (and possibly six) water
molecules are bound instead of the ubiquinone head group, and a detergent
molecule binds in the region of the isoprenoid tail. All of the protein–cofactor
interactions implicated in the binding of the ubiquinone head group are also
implicated in the binding of the stigmatellin head group. In the structure of the
stigmatellin–RC complex, refined at 2.4 Å resolution, additional hydrogen
bonds stabilize the binding of stigmatellin over that of ubiquinone. The
tentative position of UQ9 in the QB site in the original data set (1PRC) was re-
examined using the structure of the UQ9-depleted RC as a reference. A
modified QB site model, which exhibits greater similarity to the distal
ubiquinone-10 (UQ10) positioning in the structure of the RC from
Rhodobacter sphaeroides (PDB entry code 1PCR), is suggested as the
dominant binding site for native UQ9.
Conclusions: The structures reported here can provide models of quinone
reduction cycle intermediates. The binding pattern observed for the stigmatellin
complex, where the ligand donates a hydrogen bond to Ser L223 (where ‘L’
represents the L subunit of the RC), can be viewed as a model for the
stabilization of a monoprotonated reduced intermediate (QBH or QBH–). The
presence of Ser L223 in the QB site indicates that the QB site is not optimized
for QB binding, but for QB reduction to the quinol.
Introduction
Virtually all life on earth ultimately depends on the ability
of photosynthetic organisms to convert solar energy into
biochemically amenable energy. A central role in this
process is played by the photosynthetic reaction centre
(RC), an integral membrane protein–pigment complex.
The RCs from purple bacteria, where light-induced elec-
tron transfer steps are coupled to proton transfer reactions,
are the best characterized membrane protein complexes
(see [1–4] for reviews).
The RC of Rhodopseudomonas (Rp.) viridis is composed of
four polypeptides, namely the L, M, H, and C (a tightly
bound tetrahaem cytochrome c) subunits, and fourteen
cofactors (four haem molecules, four bacteriochlorophyll b,
two bacteriopheophytin b, one carotenoid, one non-haem
iron, and two quinones) [5] (Figure 1a). The four haem
molecules are covalently bound by the C subunit, all other
cofactors are noncovalently bound by the L and M sub-
units. The C subunit is a lipoprotein and is anchored in
the membrane by a lipid moiety which is covalently
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bound to the N-terminal cysteine sidechain. The complex
has eleven membrane-spanning helices: five in the L, five
in the M, and one in the H subunit. Large parts of the L
and M subunits and their associated cofactors are related
by a twofold rotational symmetry axis perpendicular to the
plane of the membrane.
Light is absorbed by the bacteriochlorophyll of the B1015
light harvesting antennae (Figure 1a). Excitation energy is
then transferred to a dimer of bacteriochlorophyll, the so-
called special pair D, thus forming the excited state D*.
This state decays through electron transfer via the
monomeric accessory bacteriochlorophyll BA and the bacte-
riopheophytin φA to the ‘primary electron acceptor’, QA
(which is a menaquinone-9 in the RC of Rp. viridis) leading
to the formation of D+QA– QB, which is followed by the rere-
duction of D+ by haem 3. These processes can be summa-
rized as a photochemical cytochrome oxidation, giving rise
to the radical state DQA– QB (Figure 1b). The second step
involves the transfer of this first electron to QB (a
ubiquinone-9 (UQ9) in the Rp. viridis RC) resulting in the
state DQAQB–. After a second photochemical cytochrome
oxidation in the third step, the diradical state DQA–QB– is
formed. While QA can only accept one electron, QB func-
tions as a ‘two-electron gate’ [6], and after transfer of a
second electron and the first proton, the intermediate state
DQA(QBH)– is formed in the fourth step (Figure 1b). The
transfer of the second proton is kinetically indistinguishable
from the first proton transfer in the wild-type RC and can
only be resolved in the case of mutants with significantly
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Figure 1
The QB site and its role in bioenergetics. (a)
Bioenergetics in Rp. viridis. The QB site in the
reaction centre (RC) is highlighted in yellow;
see text for details. (b) The quinone reduction
cycle; reduced quinones are typeset in red.
Steps 2, 4, 5, 6 and 7 are reversible. Bold
frames highlight the redox states relevant to
the present work; see text for details. (Figure
modified from [63] and [76].) (c) The original
electron density at the QB site; the map was
calculated with the coefficients
2 . | Fobs | – | Fcalc | and phases αcalc with the
diffraction data and coordinates of [13].
Contouring is at a level of 1.5σ above the
mean density of the map. Standard colour-
coding for atoms throughout the present work
is: C (yellow), N (blue), O (red). (d) The
chemical structures of QB and the QB site
inhibitor stigmatellin. The native QB in the RC
of Rp. viridis is ubiquinone-9. (See text for
details.)
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retarded second proton transfer rates [7]. The ubiquinol
(QBH2) then leaves its binding site and is reoxidized by a
second membrane protein complex, the cytochrome bc1
complex (Figure 1a), which results in the release of protons
on the periplasmic side of the membrane. This proton
transport produces a transmembrane electrochemical gradi-
ent that drives ATP synthesis [8] through the ATP syn-
thase. The electrons which are released upon quinol
reoxidation are cycled back to the reaction centre via a
small soluble protein, cytochrome c2, and ultimately rere-
duce the photo-oxidized tetrahaem C subunit. In summary,
the reduction of bound QB to the quinol associated with the
uptake of protons into the RC is an important step in the
energetics of photosynthetic bacteria [9].
In the original structure of the RC from Rp. viridis
(Brookhaven Protein Data Bank [10] entry code 1PRC
[5,11–13]), the QB site was poorly defined (Figure 1c)
because it was only ≈30% occupied with QB in the stan-
dard RC crystals. Consequently, the first goal of this work
was to obtain crystals with full quinone occupancy at the
QB site by the use of quinone reconstitution experiments.
Subsequent X-ray analysis and refinement should then
lead to a well defined QB site model. In the hope of deter-
mining what, if any, conformational changes in the site are
observed upon binding of QB to an empty site, the second
goal was to analyse the structure of a QB-depleted RC
crystal. This structure turned out to be a very useful refer-
ence in the reinvestigation of the QB position in the origi-
nal data set [13]. Furthermore, the complex of the RC
with the antibiotic stigmatellin [14,15] (Figure 1d), a
chromone-type electron transfer inhibitor, has been exam-
ined. Apart from inhibiting quinone reduction, both in
photosystem II [16] and in photosynthetic RCs [17,18],
stigmatellin is equally active at inhibiting quinol oxida-
tion, for instance in the photosynthetic bc1 complex [19],
in the cytochrome b6 f complex of chloroplasts [16], and in
the mitochondrial bc1 complex [20,21].
We report here the structural characterization of the QB site
by crystallographic refinement of UQ9-depleted RCs and of
complexes of RCs either with ubiquinone-2 (UQ2) or the
electron transfer inhibitor stigmatellin in the QB site. As the
X-ray crystallographic analysis and refinement could not be
confined to the QB site alone, which only constitutes
approximately 1% of the structure, it involved refining the
whole reaction centre complex for each subproject.
Although not a specific goal of this work, the data collected
to resolve the above issues turned out to be of sufficient
quality to improve the original model in parts other than the
QB site. Possibly biologically relevant modifications include
the asymmetry of binding of the primary quinone QA and
the observation of up to 97 additional tightly bound water
molecules between the cytoplasmic surface and the
quinone-binding sites. The tentative position of UQ9 in the
QB site in the original data set 1PRC was re-examined using
the structure of the QB-depleted RC as a reference. A modi-
fied QB site model is suggested as the dominant binding site
for native UQ9. The QB site structures described here can
provide models of quinone reduction cycle intermediates.
Results
The beamlines used for the collection of the different data
sets, the number of crystals for which measurements were
included in the final data processing, and the data process-
ing statistics are listed in Table 1. The number of crystals
eventually used per data set ranged from five to six, and
the high-resolution limits ranged from 2.40 Å to 2.45 Å.
With the exception of the data on the stigmatellin–RC
complex (STG), all data sets are more than 75% complete,
and the completeness in the highest of eight resolution
shells is over 50%. Although data were merged from mul-
tiple crystals, the R factor on the intensities of symmetry-
related reflections, Rsym, is below 10% for all data sets.
The R factors for the structures presented here vary
between 17.8% and 19.1%. In order to facilitate the com-
parison between the different structures, the R factors for
the resolution range between 10.0 Å and 2.70 Å are also
listed in Table 1. All of these latter R factors are lower
than the R factor of 18.4 % calculated for the 1PRC struc-
ture [13] in the same resolution range (see footnote Table
1). Using the criteria of Kleywegt and Jones [22], the ‘best’
model would be that of the QB-depleted RC structure
(QBD) with an RfreeT value [23] of 21.5% (corresponding
to the highest accuracy of the model) and a 3.7 percentage
point difference between R and RfreeT (Table 1). In com-
parison, for the original 1PRC structure, the R factor in the
same resolution range is 19.6%, and RfreeT is calculated to
be 24.8%, which is 3.3 percentage points higher than for
the QBD RC structure. In the resolution range between
10.0 Å and 2.7 Å, all RfreeT values in Table 1 are at least 0.3
percentage points lower than the corresponding RfreeT
value for the original 1PRC structure. The upper limit of
the average coordinate error, as derived from a Luzzati
plot [24], varies between 0.22 Å and 0.26 Å (Table 1).
The models contain between 10,529 and 10,606 nonhydro-
gen atoms (the 1PRC model contains 10,283), and 10,291 to
10,382 (1PRC; 10,044) of these atoms have well defined
electron density. With respect to the original structure,
most of the additions are due to the introduction of further
water molecules in the model, but also the inclusion of
additional detergent molecules and alternate conformations
for five to eight residues (Table 1). The average deviations
of the models from ideal stereochemistry are minute.
Quinone reconstitution
The electron density at the QB-binding site in the UQ2-
reconstituted complex is displayed in Figures 2a,b. The
overall shape of the electron density contoured at 1.5 stan-
dard deviations (σ) above the mean correlates well with
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the dimensions of the UQ2 molecule and thus allows
unequivocal placement of all atoms. All protein residues
lining the QB pocket are also well defined in terms of
electron density. Potential hydrogen-bond donors that are
within hydrogen-bonding distance of the QB carbonyl
oxygens are the backbone amide nitrogens of Ile L224
and Gly L225 (where L refers to the L subunit of the
RC), the imidazole ring Nδ of His L190, and the Ser L223
Oγ atom. The latter, however, is also within hydrogen-
bonding distance to the Oδ of Asn L213. The contribu-
tion of hydrogen bonding to the binding of QB will be
detailed in the Discussion section.
Methoxy groups
It has been proposed that proteins might modulate the
redox properties of ubiquinones in situ by affecting the ori-
entation of the methoxy groups [25–27]. In a simulated
annealing (SA) omit map, calculated after omission of the
two methoxy groups and contoured at 1.0 σ (Figure 2c), the
orientation of these methoxy groups could be assigned
unequivocally. While the proximal methoxy group (C3),
that is the one closer to the nonhaem iron and its ligand His
L190, lies approximately within the quinone ring plane,
the distal group clearly lies out of the plane. This result
was reproduced by refinement without partial charges and
1342 Structure 1997, Vol 5 No 10
Table 1
Data collection and refinement statistics for Rp. viridis RC crystals modified at the QB site.
RUQ2* QBD* STG*
Beamline X11 X11/BW6 X11
No. of crystals 5 6 5
Data
High-resolution limit (Å)† 2.45 2.40 2.40
No. of measured reflections 220,257 233,535 180,683
No. of unique reflections (multiplicity) 79,397 (2.8) 87,694 (2.6) 76,640 (2.3)
Completeness (%) (at high resolution)‡ 76.5 (54.8) 79.4 (61.1) 69.4 (45.9)
Rsym (%)§ 9.6 8.7 8.2
I/σ(I) (outer shell) 2.3 2.4 2.8
Refinement
RfreeT (%) (10.0–2.70 Å)# 22.9 (22.0) 21.5 (20.7) 24.1 (22.5)
R factor (%) (10.0–2.70 Å)# 18.2 (17.1) 17.8 (16.8) 19.1 (17.8)
Maximum coordinate error (Å)¶ 0.26 0.22 0.26
No. of nonhydrogen atoms in the model
all (with Q > 0) 10,534 (10,294) 10,606 (10,382) 10,529 (10,291)
Average B factor (Å2) (of QB analog¥) 28.1 (27.7) 26.7 (39.8) 16.3 (22.5 [14.7])
No. of residues in alternate conformations 8 5 5
No. of solvent molecules 316 425 328
Average B factor of solvent (Å2) 34.0 35.6 20.6
Average QualWat (σ)** 28.5 (15.5) 25.6 (14.7) 46.5 (22.2)
nobs/npar†† 1.89 2.07 1.82
Rms deviations from ideal values‡‡
bond lengths (Å) 0.012 0.011 0.012
bond angles (°) 1.42 1.41 1.47
dihedral angles (°) 23.8 23.6 23.9
improper angles (°) 2.20 2.19 2.45
QB analog/Phe L216 interplanar angle (°)§§ 2.5 – 16
and distance (Å) 5.2 – 4.5
QA/Trp M250 interplanar angle (°) 9 11 10
and distance (Å) 4.8 4.7 4.8
*RUQ2 = UQ2-reconstituted RCs; QBD = QB-depleted RCs; STG = stigmatellin–RC complex. †Low-resolution limit = 10.0 Å in all cases.
‡Completeness of data in the highest of eight resolution bins. §Rsym = R factor on symmetry-related intensities. #RfreeT = the free R value and
R = working set R factor, calculated for the full resolution range and for the 10 to 2.7 Å range (in parentheses). ¶Estimate of the mean coordinate
error from a Luzzati plot [24]. ¥Average B factor of the atoms of UQ2, the six QB site water molecules, and stigmatellin, respectively. The first value
for stigmatellin applies to all 37 nonhydrogen atoms of the stigmatellin molecule, the value in square parentheses to the 18 atoms of the chromone
ring system plus immediate substituents (i.e. without the tail). **QualWat = water quality factor [34]. ††nobs = The number of observed unique
reflections; npar = the number of parameters necessary to define the model; this includes three parameters (x, y, z coordinates) per nonzero-
occupancy atom plus one (isotropic atomic B factor). ‡‡Based on X-PLOR version 3.1 parameter files (parhcsdx.pro [40], param19.sol,
param19.ion) and newly developed cofactor parameter files (this work). §§The angles between ring plane normals and the distances between
centres of gravities of planes were calculated with the program PLANES from the CCP4 suite [92]. The corresponding values for the original RC
structure 1PRC [13] were calculated to be: R factor = 20.2% (between 10.0 and 2.30 Å); 18.4% (between 10.0 and 2.7 Å); completeness =
75.3% (49.6% in the highest resolution shell); rms deviation = 0.023 Å (bond lengths), 2.95° (bond angles), 30.2° (dihedral angles), 3.12°
(torsional angles); average B factor = 23.6 Å2; no alternate conformers; 201 solvent molecules (average B factor = 30.4 Å2); average QualWat (σ)
= 26.9 (14.2); QB/Phe L216 interplanar angle (and distance) = 13° (5.2 Å); QA/Trp M250 interplanar angle (and distance) = 8° (4.7 Å).
torsional angle restraints on the orientation of the methoxy
groups. Therefore, we cannot confirm suggestions based on
QB–/QB Fourier transform infrared (FTIR) studies with
ubiquinone-3 13C-labelled at the 1 or 4 C=O position in Rp.
viridis RCs, that bound QB has both O–CH3 bonds distorted
towards being oriented out of the quinone ring plane [28].
Comparison to the original model (1PRC)
Although the original model (1PRC; [13]) for QB was
hardly defined by the electron density (Figure 1c), the dif-
ferences between the old and the new model are very
localized (Figures 3a–c). While half of the quinone ring
carbons (C4, C5, and C6) are only displaced by ≈0.3 Å, the
other half (C1, C2, and C3) display root mean square (rms)
deviations of ≈0.45 Å. Calculations on favoured QB car-
bonyl-binding regions of the Rp. viridis RC, based on the
original 1PRC model [29], are at least qualitatively consis-
tent with a larger displacement on the distal side relative
to the original model.
The quinone plane angle between the old and the new
model is 8° and the distance between the centres of
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Figure 2
Electron density at the QB site. (a–c) The
RC–UQ2 complex, (d) the QB-depleted RC,
(e,f) the RC–stigmatellin complex. The maps
(a,b) and (d–f) were calculated with the
coefficients 2 . | Fobs | – | Fcalc | and phases αcalc.
Contouring is at a level of 1.5σ (a,b) and 1.2σ
(d–f) above the mean density of the map,
respectively. Possible hydrogen bonds are
indicated as dashed thin black lines; water
molecules are shown as red crosses and
atoms are in standard colours. The map in (c)
is a simulated annealing omit map calculated
after the omission of the two ubiquinone
methoxy groups and contoured at 1.0σ. (See
text for details.) Green helices in (b) and (f)
designate Cα traces of parts of the
cytoplasmic helix DE (L209–L220 [5]; left)
and the transmembrane helix E (L226–L249
[5]; right).
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gravity of these planes is 0.35 Å. The most pronounced
differences between the original and new models regard-
ing the residues lining the QB pocket are, firstly, changes
in the sidechain positions of Glu L212 and Asn L213 with
maximum shifts of 1.6 Å (Glu L212 Oε1) and 1.3 Å (Asn
L213 Nδ), respectively, and secondly, a 12° tilt in the
plane of the Phe L216 ring. The tilt of the Phe L216 ring
orients it approximately parallel to the QB quinone ring by
reducing the interplanar angle from 13° to 2.5° (Table 1).
Interactions other than hydrogen bonds involved in quinone
binding
Although most of the discussion on quinone binding will
focus on hydrogen-bonding interactions, other residues
lining the QB pocket are also important for quinone
binding. The importance of Phe L216 is illustrated by a
reduced affinity for QB in a Phe L216→Ser herbicide-
resistant mutant [30]. Some interesting results have also
been obtained for mutations of residues L226 and L229,
which form a substantial part of the QB pocket (Figures 2
and 3). The mutation of Thr L226→Ala in Rhodobacter
(Rb.) capsulatus (i.e. from the residue also present in
Rhodobacter sphaeroides to the one present in the Rp. viridis
RC) leads to a threefold increase in the affinity for QB
[31]. An Ile L229→Ser mutant of Rb. capsulatus [31] and
an Ile L229→Met mutant of Rb. sphaeroides [32] both
display a reduced affinity for QB. Thus, the importance of
these residues for QB binding has been demonstrated.
Quinone depletion
The QB site model of the QB-depleted preparation is
shown in Figure 2d. At least five, and possibly six, water
molecules and a detergent replace the quinone and form
hydrogen bonds with the respective protein residues.
The identification of the sixth water molecule (i.e. the top
one in Figure 2d) is tentative, as it is not well separated
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Figure 3
Comparison of the structure at the QB site.
(a–c) The RC–UQ2 complex (in black)
compared to the original structure 1PRC [13]
(in green). (d) The QB-depleted RC (in pink)
compared to the RC–UQ2 complex (in black).
(e,f) The RC–stigmatellin complex (in orange)
compared to that of the RC–UQ2 complex (in
black). Prospective hydrogen bonds are
represented as dashed lines. (Figure made
with the program MOLSCRIPT [96].)
Fe
His L190
Gly L225
Ile L224
BQ
(a)
Glu L212
Asn L213
Ser L223
Leu L189
Tyr L222
Ala L226
Glu L212
Val L220(b)
Ile L229
Phe L216
Leu L193
Leu L232
QB
Ile L224
Phe L216
Ser L223
(c)
Ile L229
Gly L225
BQ
His L190
LDAO
Ile L224
His L190
WATER
(d)
Asn L213
Ser L223
Glu L212
Tyr L222
Leu L189
His L190
Gly L225
Ile L224
QB
(e)
Glu L212
Asn L213
Ser L223
Leu L189
Tyr L222
Ala L226Glu L212
Val L220(f)
Ile L229
Phe L216
Leu L193
Leu L232
BQ
Structure
from the electron density assigned to the detergent N,N-
dimethyl-dodecylamine-N-oxide (lauryl-N,N-dimethyl-
amine-N-oxide, LDAO), which could be present in
alternate conformations. Of the ten water molecules dis-
played in Figure 2d, the bottom three and the one bridg-
ing the gap between Glu H177 and Asn L213 are also
present in other structures. The bottom three water mol-
ecules are part of a hydrogen-bonded chain leading from
the cytoplasm to the QB site as discussed below. They
are shown here solely to indicate that the new water mol-
ecules represent an extension of this chain. One differ-
ence between the quinone-reconstituted and the quinone-
depleted structure consists of a small (≈0.25 Å) move-
ment of the mainchain of the loop (L220–L226) connect-
ing the cytoplasmic DE helix (L209–L220) and the
transmembrane E helix (L226–L249).
The most marked sidechain changes are found for Glu
L212 (maximum atomic shift 1.7 Å; Oε1), which can form a
hydrogen bond to one of the new water molecules, and Asn
L213 (maximum atomic shift 0.8 Å; Nδ), causing a slight
contraction of the pocket. The orientations of Glu L212 and
Asn L213 in the QB-depleted structure are very similar to
those in the original 1PRC model, indicating that the struc-
ture of the protein residues lining the QB site in the original
model is dominated by the ≈70% QB-depleted RCs in the
crystal. In addition, the angle between the Phe L216 rings
is smaller when comparing the QB-depleted RC and 1PRC
structures (5.5°) than for the comparison of the structures of
the QB-depleted RC and the RC complex with UQ2 (8°).
The relatively small differences between the quinone-
depleted and quinone-occupied QB sites explain why the
original electron density in Figure 1c was substantial for the
residues lining the QB pocket.
Stigmatellin binding
The 2.| Fobs | – | Fcalc| electron density at a contour level
of 1.2σ (Figures 2e,f) of the RC–stigmatellin complex
allows the unequivocal placement of all atoms relevant to
the binding of the stigmatellin head group. In analogy to
quinone binding (Figures 3e,f), the chromone ring of
stigmatellin lies (roughly) in the same plane as does the
quinone ring, with an interplanar angle of 9°. The phenyl
ring of Phe L216 is oriented roughly parallel to the
chromone ring (Table 1).
Compared to quinone binding, the stigmatellin carbonyl
oxygen O4 (Figure 1d) substitutes for the proximal car-
bonyl O4 in being close enough to accept a hydrogen bond
from the His L190 δN (Figure 3e). The hydroxyl O8
(Figure 1d) replaces the distal carbonyl as a possible
acceptor in a bifurcated hydrogen bond from the back-
bone amides of Ile L224 and Gly L225. In addition, a
hydrogen bond could be donated by the hydroxyl O8 to
the Oγ of Ser L223. The pattern of hydrogen bonding will
be detailed in the Discussion.
Absolute configuration of stigmatellin
In the original structure determination of stigmatellin, no
statement could be made regarding the configuration of the
four chiral centres of stigmatellin, although this region of
the molecule was well characterized by 1H-1H NMR cou-
plings and nuclear Overhauser effect (NOE) experiments
[15]. Refinement without chiral constraints led to a configu-
ration which was closest to 3′-S, 4′-R, 5′-S, 6′-S. However,
parallel refinement of all 16 configurations could not
confirm that this was a unique solution, in that in particular
the 3′-S, 4′-R, 5′-R, 6′-S and 3′-R, 4′-S, 5′-R, 6′-S configura-
tions also gave reasonable fits to the electron density.
The primary acceptor quinone (QA)-binding site
The primary acceptor quinone (QA)-binding site was well
defined in the original (1PRC) structure. Nevertheless,
structural comparisons are of interest, mainly because
structural variations in these well defined QA models may
indicate, in the absence of indirect effects of the QB site
structure on the QA site structure, the extent of possible
variation we should attach to other regions, for example,
the new UQ2 model of the QB site. While QB is related to
QA by the local symmetry between the L and M subunits
[13], Phe L216 corresponds to Trp M250. The interplanar
angle between Trp M250 and QA is a good parameter to
monitor because it is not explicitly restrained in the
refinement. This angle varies from 9° (RC–UQ2 complex)
to 11° (QBD) while the interplanar distance is constant at
4.7 Å–4.8 Å (Table 1).
While the Rp. viridis RC contains a menaquinone-9 mol-
ecule [33] in the QA site, the original 1PRC structure con-
tained a menaquinone-7 molecule with zero occupancy
assigned to four of the five atoms in the last isoprenoid
unit (i.e. essentially it contained a menaquinone-6 mol-
ecule). In the work presented here, further electron
density for the isoprenoid tail has allowed the inclusion of
full occupancy for the seventh isoprenoid unit in the
model. In addition, the quinone head group has shifted
slightly towards the nonhaem iron and its ligand His
M217, thus shortening the proximal (from His M217) and
increasing the distal (from Ala M258) hydrogen-bonding
distances as detailed below in the Discussion.
Water molecules
The original (1PRC) structure contains 201 tentative,
ordered water molecules [13]. In the new structures pre-
sented here, between 114 and 224 additional tentative
water molecules were included, based on electron-
density maps and local chemistry. In order to compare
quantitatively the quality of the introduced water mol-
ecules to the ones in the original structure 1PRC, the
water quality factor, (QualWat), as introduced by Arnold
and Rossmann [34], was calculated with the program
OOPS [22,35]. For the structures of the RC complex with
UQ2 (RUQ2) and QBD, the average QualWat values do
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not differ significantly from the one calculated for the
original (1PRC) structure. This means that the addition-
ally fitted water molecules are of an average quality similar
to that of the original ones.
Generally in proteins, internal water not only fills struc-
tural cavities, but it is also necessary to stabilize three-
dimensional folding [36,37]. As will be presented below,
some of the additionally determined water molecules
make important contributions to crystal packing and are
also possibly relevant to the pathways and kinetics of proton
transfer to the QB site.
In the structure of QBD, 425 water molecules could be
crystallographically assigned. As this is the structure with
the lowest RfreeT, indicating the highest accuracy of the
model, the following discussion will focus on this structure
and the comparison to the original structure (1PRC) [13].
Of these 425 water molecules, 175 were at positions less
than 1.5 Å (165 less than 1.0 Å) away from the water posi-
tions in the structure of Deisenhofer and coworkers [13]
and are coloured in blue in Figure 4a. No water molecules
could be included for 26 of the positions of 1PRC, and 250
water molecules at new positions are coloured in red in
Figure 4a. A water distribution plot along the dyad relat-
ing the L and M subunits, and rationalized to correspond
to the ‘membrane normal’ [5,38], indicates that the number
of newly assigned water molecules for each coordinate bin
(black line; Figure 4b) is approximately proportional to the
number previously assigned [13] (grey line; Figure 4b). A
plot of the ratio of oxygen atoms and carbon atoms along
the membrane normal (Figure 4c) displays only very
localized significant effects through the additional water
assignments. The low O/C ratio for z values from 6 to 36
(i.e. a 30 Å zone beginning approximately 6 Å above the
nonhaem iron) would correspond to the hydrophobic part
of the membrane.
Of the 425 water molecules in the QBD structure, 236
(126 more than in 1PRC) are in the periplasmic region of
the molecule, 186 (97 more than in 1PRC) are in the cyto-
plasmic region and three (one more than in 1PRC) are in
the transmembrane region (Figures 4a,d). The addition-
ally assigned water molecule in the transmembrane region
mediates hydrogen bonding between the C and E helices
of the M subunit, hydrogen bonding to the backbone car-
bonyl oxygen atoms of Asn M147 and Ser M271. The
position of this water molecule is only 2.5 Å from the sym-
metry-related position of the water molecule mediating
hydrogen bonding between the C and E helices of the L
subunit, hydrogen bonding to the γO of Ser L238 and the
backbone carbonyl oxygen of Ala L120.
Of the 186 water molecules in the cytoplasmic region of
the complex, 86 are involved, together with the sidechains
of 25 polar and 40 ionizable amino acid residues, in a
hydrogen-bonded ‘web’ extending in various directions
from the QB site to the cytoplasmic surface (Figures 4f,g).
Without considering any interactions with the polypeptide
backbone, this web consists of 202 hydrogen bonds and
salt bridges (see Supplementary material which is avail-
able with the Internet version of this paper). The web also
extends to the vicinity (within ≈5 Å) of the QA site
(Figure 4e). This web could be responsible for rapid equi-
libration of (substoichiometric) proton uptake events upon
reduction of the quinones and ultimately for proton trans-
fer to the QB site.
Other modifications of the original structure
Apart from the improvements to the original structure pre-
sented above, a number of other modifications have been
made. Although their physiological relevance is unclear,
they are briefly presented here as they also contribute to
the improvement of phase information, as judged by
RfreeT, and thus allow more accurate interpretation of the
electron-density maps in other regions of the molecule.
Other cofactors
In the original (1PRC) structure, the phytyl chain of the
accessory bacteriochlorophyll BB was not defined by elec-
tron density from the C8 atom onwards. The electron
density for the structure of the RUQ2 is shown in
Figure 5a; the entire phytyl tail can be fitted into the elec-
tron density and the minimum distance between it and
the isoprenoid tail of UQ2 is 4 Å. A possible explanation
for the disordering of the phytyl tail in the original struc-
ture is the partial presence and absence of the long iso-
prenoid tail of UQ9, which may affect the order of the
phytyl tail.
The limited resolution of the diffraction data did not allow
the distinction between carbon, nitrogen, and oxygen
atoms. The orientation of branched groups, such as the
sidechain amide groups of asparagine and glutamine, the
imidazole rings of histidine residues, and the acetyl groups
of bacteriochlorophyll and bacteriopheophytin molecules,
were left in the same orientations as in 1PRC and were
only changed for pressing reasons. For instance, the rota-
tion of the acetyl group of the accessory bacteriochloro-
phyll BA led to a much better agreement with the target
values in the newly developed parameter files (see Sup-
plementary material) for the C3B–CAB–CBB (=114.7°)
and the C3B–CAB–OBB (=126.2°) angles. Incidently, this
also led to an equilibration of the refined atomic B factor
values for the acetyl oxygen OBB (1PRC, 29.8 Å2; RUQ2,
17.2 Å2) and the acetyl methyl CBB (1PRC, 7.8 Å2; RUQ2,
13.2 Å2). No creation or disruption of hydrogen bonds is
associated with this modification.
Alternate conformers
The original model (1PRC) [13] does not contain any
alternate conformations although the occupancy of the
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Gln C123 sidechain was reduced to 0.5. In the three new
structures, alternate conformations were found for residues
C1, C79, C123, C192, L7, L257, M59, M85, and H1. None
of the structures was found to contain all of these alternate
conformations: for instance, alternate conformations for
the N-terminal formylmethionine H1 are presently only
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Figure 4
Crystallographically assigned water molecules
in the structure of the QB-depleted RC. (a)
Oxygen atoms of the 175 water molecules of
the structure of the QB-depleted RC which
are closer than 1.5 Å to water positions in the
original structure 1PRC are shown as blue
spheres, the other 250 water molecules are
shown in red. Colour-coding of the Cα traces
of the subunits is defined as follows: C
subunit (green); L subunit (brown); M subunit
(purple) and H subunit (magenta). (b)
Distribution of water molecules in the QB-
depleted RC (black line) and the original
structure 1PRC (grey line) along the
‘membrane normal’ (transformed z axis).
Coordinates are transformed so as to place
the nonhaem iron at the origin and the Mg
coordinates of the special pair at z
coordinates of 27.7 Å [76]. (c) Distribution of
the ratio of oxygen atoms to carbon atoms for
the QB-depleted RC (black line) and the
original structure 1PRC (grey line) along the
membrane normal as detailed in (a). (d) Two
original (1PRC) water molecules (blue) and
one new (red) water molecule in the
transmembrane region of the QB-depleted RC
viewed along the membrane normal. Colour-
coding of the Cα traces of the subunits is as
described for (a). (e) Oxygen atoms of eight
water molecules (large blue spheres) of the
cluster-wide hydrogen-bonded web near the
QA site. Dashed lines indicate interactions
within the nonhaem-iron–quinone complex
and are not included in the current survey,
solid black lines indicate hydrogen bonds.
(f,g) Two views of the cluster-wide hydrogen-
bonded web between the quinone-binding
sites and the cytoplasmic surface. Only water
molecules and polar or ionizable amino acid
sidechains, but no backbone interactions, are
considered. Possible cytoplasmic entry points
for protons are labelled by the next amino acid
residue in the hydrogen-bonded chain. View
(f) is a side view of (g), tilted slightly
clockwise, and is optimised for viewing
possible entry points; view (g) is similar to the
standard view (shown schematically in Figure
1a. QA is shown as a black stick model (to the
right of the label). To the left of QA, the
nonhaem iron can be identified as a grey
sphere; its ligand His L190, and the six water
molecules in the ‘empty’ pocket are located to
the left. Oxygen atoms of the water molecules
and subunits are coloured as in (a). (Figure
made with the program MOLSCRIPT [96].)
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Structure
defined in QBD, but Phe M85 was included in alternate
conformations in all three new structures. The criteria for
incorporating alternate conformations were analogous to
those for fitting water molecules (i.e. | Fobs | – | Fcalc |
density >3σ, 2.|Fobs| – |Fcalc| density >1σ, and an ade-
quate shape of the density). In addition, the geometry of
both of the alternate conformers had to be acceptable.
The main reason for not fitting all of the alternate con-
formers in all of the structures was the limited extent of
2.| Fobs | – | Fcalc | density >1σ.
Examples of alternate sidechain conformations fitted are
included as supplementary material. Inclusion of these
alternate conformations reduced the number of disordered
atoms in the M subunit from 26 in the 1PRC structure to
14 in the QBD structure. This observation further empha-
sizes the finding in the 1PRC structure that the fraction of
disordered atoms among the protein subunits is lowest in
subunits L and M.
Detergent
Most of the detergent in the RC crystals appears disor-
dered [12], but can be localized at low resolution by
neutron diffraction experiments with H2O/D2O contrast
variation [38]. One clear and a second more tentative
LDAO detergent molecule were included in the original
1PRC model [13]. The new structures contain four clear
(Y701–Y704) and two more tentative (Y705 and Y706)
LDAO molecules shown in Figure 5b. The head groups
of the latter two molecules appear disordered. While five
of these detergent molecules are localized around the
transmembrane helices, the sixth detergent molecule
(Y703) is involved in crystal-packing contacts of two H
subunit molecules (see below).
Crystal packing
As described in [13], crystal contacts are formed almost
exclusively with parts of the C and H subunits. Mainly due
to the inclusion of water molecules, but also because of
further refinement, the number of polar contacts closer than
4 Å between neighbouring RC complexes increased from
29 in the original (1PRC) structure to 52 in the QBD struc-
ture. The majority of theses contacts (1PRC, 17; QBD
structure, 38) are observed between RC complexes related
by the crystallographic twofold axis. An overview is dis-
played in Figure 5c featuring the Cα traces of two RC mol-
ecules and the crystallographic twofold axis. In the centre of
the figure, Arg H34, LDAO Y703, and their symmetry
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Figure 5
Other modifications of the original structure.
(a) Electron-density map for the accessory
bacteriochlorophyll BB. 2 . | Fobs | – | Fcalc | map
contoured at 1.0σ above the mean density in
the RC complex with UQ2. The original 1PRC
model of the accessory bacteriochlorophyll BB
is shown in green; the zero-occupancy part of
the phytyl tail is drawn in black. The RUQ2
structure is shown in standard colours, as
described in Figure 1c. (b) Tightly bound
detergent molecules in the RC crystal.
2 . | Fobs | – | Fcalc | maps of the RC complex
with UQ2 contoured at 1.0σ above the mean
density for the LDAO molecules. The original
1PRC model contained LDAO molecules
Y701 and most of Y702. The colour-coding
for the Cα traces of the protein subunits is as
described for Figure 4a. (c,d) Crystal packing
at a centre of symmetry. Part (c) is an
overview showing the Cα traces (colour-
coded as in (b)), the nonhaem iron, QA, the
crystallographic twofold axis, Arg H34, and
LDAO Y703. Part (d) shows the
2 . | Fobs | – | Fcalc | map contoured at 1.3σ in the
RC complex with stigmatellin, for a water
molecule, the detergent molecule Y703, for
Arg H34, and for their symmetry mates.
Hydrogen bonds are indicated by dashed
black lines.
mates are shown; a close-up is displayed in Figure 5d. The
electron density is shown for Arg H34, LDAO Y703, an
adjacent water molecule, and their symmetry mates. The
water molecule mediates hydrogen bonds to its symmetry
mate, to Arg H34, and to LDAO Y703. Neither the water
nor the detergent molecule were included in the original
(1PRC) structure, which contained instead a single sulfate
molecule directly on the twofold axis, exactly between the
two new symmetry-related water molecules (see the right
side of Figure 4b in [13]).
Improved parameter files
Switching from protein parameter files developed for
macromolecular modelling [39] to those based on statis-
tics [40] from the Cambridge Structural Database [41,42]
had a dramatic effect on the overall geometry statistics
while not adversely affecting the R factor (Supplemen-
tary material). Although there were slight increases in the
rms deviations from ideal dihedral angle and improper
torsional angle geometry, this was more than compen-
sated by the improvements in bond length and bond
angle statistics. In particular, the number of bond angles
deviating by more than 10° from their ideal values
dropped from 168 to 37 within a single refinement cycle.
The improved cofactor parameter files were introduced
later in the refinement process than the Engh and Huber
protein parameter files [40], simply because the latter
were readily available, whereas the former first had to be
developed [43]. An equally drastic effect on cofactor
geometry statistics was observed upon the replacement of
the cofactor files developed for macromolecular model-
ling [44] by those based on statistics from the Cambridge
Structural Database (see Supplementary material). In this
case neither R factor nor the rms deviations from ideal
dihedral angle and improper torsional angle geometry
were adversely affected and a significant improvement of
bond length and bond angle statistics was observed. The
number of cofactor bond angles deviating by more than
10° dropped from 29 to 5. These parameter files have
since been employed successfully by colleagues in the
department [45–47] and are currently being used by
approximately 15 laboratories worldwide.
Reinvestigation of the electron density in the original 1PRC
data set
The similarities in the profile of the QB pocket in the QBD
and original (1PRC) structures, especially regarding the
residues Asn L213 and Glu L212, prompted a reinvestiga-
tion of the original data set. We expected the dominant
features of the electron density to be correlated with the
QB-depleted RC and the remaining features to be associ-
ated with the model of the native UQ9. In an SA omit map
(omitting the original ubiquinone-1 (UQ1) model and all
residues within 8 Å of it) there are two prominent features
of electron density (Figure 6a). Surprisingly, not the
stronger but the weaker feature correlated with the position
of the detergent molecule of QBD (Figure 6a), the
stronger feature showed greater similarity to the QB
model deposited by Ermler and coworkers [45], PDB
entry 1PCR. A ubiquinone-7 (UQ7) model was fitted into
the SA omit map density (Figure 6a). After one refine-
ment cycle, the quinone head group had left the position
of maximum density (Figure 6b). This was judged not to
be critical as the detergent molecule of the QB-depleted
site can be considered to account for some of this
maximum density (Figure 6a). The UQ7 model remained
in its new position after further cycles of refinement and
was defined by weak, but clear-cut, density at the 0.7σ
level (Figure 6c). With an occupancy of 30%, the refined
B factors were between 22 and 26 Å2 for this model. Most
of the model is also defined by density at the 1.0σ level,
but there are breaks in the density at this contour level
(Figure 6d). At a much higher contour level of 1.8σ, most
of the density for the quinone molecule is no longer
present, but the three water molecules at the bottom of
the pocket are still well defined (Figure 7a). This can 
be understood, because they are present both in the 
QB-depleted site and in this distally populated site
(Figure 7b). While refinement with the original UQ1
model at an occupancy of 30% led to an R factor of 20.2%
and an RfreeT of 25.3% (10.0–2.3 Å; R is higher than
reported in [13] because no bulk-solvent contribution is
included for any of the R values reported here), refine-
ment including the new UQ7 model with an occupancy of
30% resulted in an R factor of 20.1% and an RfreeT of
25.2% for the same resolution range. This was taken as an
indication that, despite the low weight attached to the
new QB model, it fits the data more accurately than the
original model. While an additional presence of QB in 
the original position cannot be excluded, the dominant
binding site for native QB under the conditions of this
noncryogenic experiment appears to be in the distal QB-
binding position first described for the Rb. sphaeroides RC
[45]. In the context of the different binding sites for the
neutral ubiquinone and the reduced ubisemiquinone in
Rb. sphaeroides RC based on recently reported cryogenic
work [48], the new result reported here indicates that
these noncryogenic result are not dominated by the semi-
quinone species.
The distal binding site obtained for the native QB (Figure
7c; in green) is compared to the proximal binding site
obtained for UQ2 (in black). While UQ2 appears firmly
bound by three hydrogen bonds (see Discussion section),
the sole hydrogen-bonding interaction for QB appears to
be the acceptance of a hydrogen bond from Ile L224. In
addition, compared to the RUQ2 model, the quinone ring
plane of QB is flipped by 180° around the isoprenoid tail.
In Figure 7d, the distal binding of the new QB model (in
green) for the 1PRC data set is compared to the QB model
for the Rb. sphaeroides RC (1PCR; in red) [45]. The most
important difference is the different interaction of the O4
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QB carbonyl oxygen with the protein backbone. While an
interaction with the Ile L224 N atom can be deduced from
both models, the O4 carbonyl oxygen atom is further than
4 Å away from the Tyr L222 peptide carbonyl oxygen in
the new 1PRC model. This distance is 3.4 Å for the 1PCR
model and suggested that the observed species may be
the reduced quinol QBH2 [45]. For the new 1PRC model
presented here, this possibility can be excluded.
Discussion
Hydrogen bonding at the QB-binding site
In the discussion of hydrogen bonding in biological struc-
tures, the most popular criterion is the separation of the
nonhydrogen atoms D–A, where D is the hydrogen-bond
donor and A the hydrogen-bond acceptor. As pointed out
by Jeffrey and Saenger [36], however, the use of such a
criterion should be discouraged, as the D–A separation is
a function of the covalent bond length D–H, the hydro-
gen bond length H–A, and the angle D-H–A, which is
rarely 180°. In agreement with McDonald and Thornton
[49], a maximum distance of 2.5 Å between H and A and
a minimum angle of 90° for the D-H–A, D–A-AA, and
H–A-AA angles (where AA is the acceptor antecedent)
are used as criteria for hydrogen bonding in this study.
Consequently, the availability of hydrogen positions is
important for the discussion of hydrogen bonding.
However, with very few very high-resolution exceptions
(see [50] for a review), X-ray structural data for proteins
does not allow the location of hydrogen atoms. Different
but analogous procedures have been developed to con-
struct hydrogen atom positions from nonhydrogen atom
coordinates (e.g. [49,51]; A Joguine and MR Gunner,
unpublished data).
The positions of polar hydrogens were generated for crys-
tallographic refinement with X-PLOR [51], with evalua-
tion of van der Waals and electrostatic interactions (where
necessary), and optimized during the refinement proce-
dure. In the context of the QB-binding site, the hydrogen
bonds donated by His L190 Nδ and the backbone
peptide nitrogens of Ile L224 and Gly L225 can be dis-
cussed with confidence, because there are at least two
nonhydrogen donor antecedents with coordinates deter-
mined by X-ray crystallography. In contrast, those hydro-
gen bonds involving polar hydrogens with dihedral angle
rotational degrees of freedom, such as the Ser L223
hydroxyl Hγ, must be discussed more carefully.
Quinone binding
The hydrogen-bonding distances and angles for prospec-
tive hydrogen bonds in the QB site are listed in Table 2.
In the case of the structure of RUQ2, all candidates meet
the  criteria for hydrogen bonds (vida supra), except for
the QB proximal methoxy oxygen as a second acceptor 
of a hydrogen bond from His L190 Nδ (but see STG
structure below). 
Based on the coordinates alone, the hydrogen bond
donated by the Ser L223 Oγ atom could be accepted both
by the distal QB carbonyl oxygen or by the Asn L213 Oδ
atom. There are, however, a number of other experimen-
tal observations on mutants which imply that the hydro-
gen bond to Asn L213 (see Figure 8a) is the favoured
orientation. The Ser L223→Ala mutants in the RCs of Rb.
capsulatus [52,53] and Rb. sphaeroides [54] are incapable of
photosynthetic growth. Such mutants may be grown aero-
bically in the dark, but this is not possible for Rp. viridis,
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Figure 6
Reinvestigation of the electron density in the
QB site of the original data set 1PRC [13].
Simulated-annealing omit maps (a,b) were
calculated after omission of the UQ1 model
(and all residues within 8 Å) and are
contoured at the 0.9σ level. (c,d) Maps
calculated with the new UQ7 model present
at an occupancy of 0.3 and contoured at the
0.7σ (c) and 1.0σ (d) level, respectively. The
detergent molecule in the QB-depleted RC
structure is shown in pink as a reference. The
initial UQ7 model is depicted in purple, the
final UQ7 model is shown in yellow, with
oxygen positions indicated in red. See text for
details.
(a) (b) (c) (d)
Structure
which can grow only under photosynthetic and, very
slowly, under microaerophilic conditions. Under micro-
aerophilic conditions, the photosynthetic apparatus is not
induced. However, herbicide-resistant mutants of the Rp.
viridis RC were obtained by classical selection procedures
[55,56]. One of these, the terbutryn-resistant mutant (T1)
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Figure 7
A new QB model for the original data set
1PRC. (a,b) Electron density as calculated for
Figures 6c and d, but contoured at the 1.8σ
level (a) without and (b) with the QB-depleted
structure (pink) superimposed. Water
molecules are shown as crosses and
hydrogen bonds as dashed lines. (c)
Comparison of the revised QB model (UQ7)
for the original data set 1PRC (in green) and
the UQ2 model (in black). Potential hydrogen-
bonding interactions are symbolized by
dashed lines. (d) comparison of the revised
QB model (UQ7) for the original data set
1PRC (in green) and the QB model in the Rb.
sphaeroides RC, 1PCR (in red) [45]. The
1PCR structure was superimposed onto the
1PRC structure by a least squares procedure
using only Cα atoms as implemented in the
program O [73]. Potential hydrogen-bonding
interactions are symbolized by dashed lines.
(Parts c and d of this figure were made with
MOLSCRIPT [96].)
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Table 2
Distances and angles between prospective hydrogen-bonding donors (D) and acceptors (A) in the QB site*. 
Structure† D A H–A D-H–A D–A D–A-AA H–A-AA
(Å) (°) (Å) (°) (°)
RUQ2 His L190 Nδ QB O4 1.8 144 2.6 132 126
His L190 Nδ QB O3 (2.6) 129 3.3 122 133
Ile L224 N QB O1 2.5 113 3.0 146 132
Gly L225 N QB O1 2.0 175 2.9 127 129
Ser L223 Oγ Asn L213 Oδ 1.9 157 2.8 128 123
QBD Ser L223 Oγ Asn L213 Oδ 1.9 170 2.9 138 142
STG His L190 Nδ Stg O4 1.8 147 2.7 149 141
His L190 Nδ Stg O5 2.3 133 3.1 138 126
Ile L224 N Stg O8 2.2 142 3.0 133 127
Gly L225 N Stg O8 2.2 168 3.1 96 94
Stg O8 Ser L223 Oγ 2.0 128 2.8 103 119
Ser L223 Oγ Asn L213 Oδ 2.4 137 3.2 123 118
*Hydrogen positions were taken from the output of X-PLOR refinement runs. †Structures are named as defined in Table 1.
contains a Ser L223→Ala mutation. Although this is
accompanied by a second mutation, Arg L217→His [55],
the electron and proton transfer properties of this double
mutant [57] were similar to those obtained for the Rb.
sphaeroides single mutant [54]. Surprisingly, Sinning and
coworkers [30] found that the affinity for QB in this double
mutant was increased ninefold compared to the wild type.
This effect could not be adequately explained as the origi-
nal model of QB binding included the distal QB carbonyl
as an acceptor of a bifurcated hydrogen bond from Ser
L223 Oγ and Gly L225 N [5]. The model of hydrogen
bonding by Ser L223 proposed here (i.e. as a hydrogen-
bonding donor to Asn L213 Oδ, destabilizing QB binding)
is consistent with the increased QB affinity detected for
the T1 mutant.
Additional support is provided by a preliminary crystal
structure analysis of this Ser L223→Ala/Arg L217→His
mutant [58]. The changes in the structure are almost
restricted to the two residues that were replaced. Surpris-
ingly, the sidechain of Asn L213 was also found to be
rotated, possibly to accept a hydrogen bond from His
L217. While the authors attributed this observation to the
shorter sidechain of His L217, as compared to the wild-
type arginine, this Asn L213 sidechain rotation was not
observed in the preliminary crystal structure analysis of an
atrazine-resistant Arg L217→His/Val L220→Leu double
mutant [59]. The model of hydrogen bonding presented
here provides an alternative explanation. Not only is one
hydrogen bond donor to Asn L213 gained by the Arg
L217→His mutation, but also another one is lost by the
Ser L223→Ala mutation, thus providing two reasons for
the rotation of the Asn L213 sidechain in the T1 mutant.
In summary, it must be noted that the model of hydrogen-
bond donation by Ser L223 being preferentially accepted
by Asn L213 Oδ (see Figure 8a) cannot be proven by the
current X-ray data at 2.45 Å resolution. However, the
model presented here is the simplest that is consistent
with all available X-ray data and other experimental obser-
vations discussed above.
Two binding sites for ubiquinone in the QB site
As the noncryogenic conditions used for data acquisition
in the present work were similar to those of the original
work, it is most likely that not only the electron density in
the original data set 1PRC (as discussed above) but also
the electron density in the RUQ2 complex is dominated
by the neutral ubiquinone. This would indicate that the
difference in preference for the distal and proximal binding
sites, as shown in Figure 7c, is a function of isoprenoid
chain length. The more distal binding of the longer chain
length ubiquinone under the conditions of the soak buffer
could be a consequence of a more extensive interaction
with the detergent, which is also responsible for removing
most of the QB from its binding pocket during purification
[33] and crystallization [60]. On the other hand, the more
ordered, proximal binding of UQ2 could be aided by the
more ordered phytyl tail of the monomeric bacteriochloro-
phyll BB, as shown in Figure 5a.
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Figure 8
Hydrogen-bonding patterns at the QB-binding site. (a) QB binding; (b)
QB-depletion; and (c) stigmatellin binding. The oxygen atoms of water
molecules are coloured in the standard way; hydrogen bonds are
depicted as dashed lines. (See text for details.)
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Structure
Quinone depletion
The hydrogen positioning for His L190 Hδ1, Ser L223 Hγ,
Ile L224 HN and Gly L225 HN in the QBD structure is
shown in Figure 8b. The hydrogen positioning on the
water molecules was regarded as ambiguous and therefore
omitted from this figure. The structure of QBD suggests an
interesting scenario for the process of QBH2 leaving the QB
site [43]. While the quinol diffuses out into the membrane
bilayer along the pathway laid out by its isoprenoid tail,
water seeps in from the cytoplasm, possibly through diffu-
sion of the hydrogen-bonded water molecules in the hydro-
gen-bonded chains shown in Figure 4. As the cavities
associated with these chains are very tight, such a diffusion
would require significant relative motion of the protein
residues. Upon diffusion of (re-)oxidized QB back into the
pocket, this procedure would have to be reversed in order
to remove these water molecules from the QB pocket.
Stigmatellin binding
The hydrogen-bonding distances and angles relevant to
stigmatellin binding are also listed in Table 2. All the
hydrogen bonds implicated in the Results section meet
the criteria detailed above (also see Figure 8c). The
hydrogen bonds identified for quinone binding are also
associated with stigmatellin binding, although compared
to quinone binding, the backbone amide of Ile L224 has
become more important as a hydrogen-bond donor relative
to that of Gly L225. With respect to quinone binding
there are two additional hydrogen bonding interactions.
Firstly, the stigmatellin proximal methoxy oxygen atom
can act as a second acceptor of a hydrogen bond from the
His L190 Nδ atom. This three-centre hydrogen bond is
similar to the ‘shared’ hydrogen bond indicated in the struc-
ture of the o-phenanthroline–RC complex [61] between
His L190 Nδ and the two ring nitrogens of o-phenanthro-
line. Secondly, the Ser L223 Oγ atom accepts a hydrogen
bond from the stigmatellin hydroxyl group. Stigmatellin
affinity is reported to be approximately equal to terbutryn
affinity in reaction centres from Rb. sphaeroides [17]. Ter-
butryn affinity is approximately fourfold higher than UQ9
affinity in RCs from Rp. viridis [58]. On the other hand,
stigmatellin affinity is reported to be approximately 15-
fold higher than UQ3 affinity in RCs from Rb. sphaeroides
[18]. The two additional hydrogen bonding interactions
may well be sufficient to explain this approximately one
order of magnitude higher affinity of the QB site to stig-
matellin, as compared to QB. Interestingly, a single muta-
tion Ser L223→Ala in the Rb. sphaeroides RC is sufficient
to confer stigmatellin resistance [62].
Two further conclusions may be drawn from the results of
stigmatellin binding [43]. Firstly, based on the pattern of
hydrogen bonding involving the hydroxyl and carbonyl
oxygen, it is clear why stigmatellin binds well enough at
both quinone-reducing and quinol-oxidizing sites to act as
a ‘dual type inhibitor’ [16] in that it has well developed
chemical characterisitcs of both a quinone and a quinol.
Secondly, there are ample experimental studies [54,57,63]
suggesting that, with double reduction of QB, the first
proton is transferred to the distal QB carbonyl oxygen.
The geometry of binding of the monoprotonated, doubly
reduced QBH– intermediate (and that of the possible,
monoprotonated, singly reduced QBH intermediate) could
very well resemble that determined here for stigmatellin.
Consequently, the presence of Ser L223 in the QB site
illustrates that the QB site is not optimized for QB binding
(vide supra), but for QB reduction to the quinol.
Comparison to other QB site models
While the relationship of the present work to the original
work on Rp. viridis RCs [5,11–13] has been discussed
above, there are also a number of coordinate sets of the RC
from Rb. sphaeroides which contain models for QB. Most of
these coordinate sets are based on orthorhombic crystal
forms (PDB entry code 4RCR [64,65], nobs/npar = 0.81; 1PSS
[66], nobs/npar = 0.79; 1YST [67], nobs/npar = 0.69; and 2RCR
[68], nobs/npar = 0.63) with less independent observations
than parameters required to define the model and rela-
tively high R factors (≥22%). A QB model based on a trigo-
nal crystal form with higher nobs/npar (=1.91) and a lower R
factor (=18.6%) has also been reported [45], but it is associ-
ated with high B factors (≈75 Å2), indicating only partial
occupancy for QB. Recently, two models have been
reported [48] (1AIG and 1AIJ, coordinates to be released
in October 1997) based on a tetragonal crystal form, one
for the neutral QB (nobs/npar = 1.53, RfreeT = 27.0%) and one
for the semiquinone QB– (nobs/npar = 0.99, RfreeT = 29.9%).
The latter structure is based on less independent observa-
tions than parameters required to define the model and
associated with a high RfreeT, indicating a less accurate fit
of the model to the experimental data. The electron
density for the former structure is apparently not unique,
as the authors concede that an alternate QB position is pos-
sible and the B factor for the QB model is significantly
higher than for the surrounding protein. In comparison,
the QB model based on the RUQ2 complex in the present
work is based on significantly more observations than
parameters required (nobs/npar = 1.89; Table 1), the atomic
B factors are lower than the average value for the protein
(Table 1), the R factor (=18.2%) and RfreeT (=22.9%) are
low, indicating a more accurate correspondence of the
model to the data, and the electron density (Figures 2a,b)
is unequivocally interpretable.
Hydrogen bonding at the QA-binding site
Studies have been carried out on the asymmetric binding
of the primary acceptor quinone in the reaction centre of
Rb. sphaeroides using electron paramagnetic resonance
(EPR) spectroscopy [69], light-induced FTIR difference
spectroscopy [70,71], and NMR spectroscopy [72]. The
results of these studies indicate a stronger hydrogen
bonding of the proximal carbonyl oxygen of QA than that
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of the distal carbonyl oxygen. None of the structures acces-
sible so far in the PDB is compatible with these findings. In
all three of the new structures presented here, the proximal
hydrogen bond to His M217 (distance D–A [Å]/angle D-
H–A [°]: 2.9/175, UQ2; 2.9/159, QBD; 2.8/162, STG) is in all
cases shorter than the distal bond to Ala M258 (D–A [Å]/
D-H–A [°]: 3.1/175, UQ2; 3.0/162, QBD; 3.1/162, STG)
which is in agreement with the aforementioned spectro-
scopic data.
Comparison of the QA and QB sites
The reliable definition of the QB site based on the RUQ2
structure was a prerequisite for a detailed comparison with
the QA site, as shown in Figure 9. Subunits L and M and
their associated cofactors were superimposed on the basis
of their local twofold symmetry [11–13] with the program
O [73] using only Cα atoms of the L and M subunits. In
view of the different functional characteristics of the QA
and QB sites, their overall profile is surprisingly similar.
Figure 9a, however, reveals that the distal hydrogen-
bonding patterns for the two quinones are different. The
sidechain corresponding to Ser L223 (Asn M257; see
Figure 9c) is oriented away from the quinone, towards Arg
M251, corresponding to Arg L217 near the QB site (not
shown in Figure 9). The backbone amide group of Thr
M259 (corresponding to Gly L225) is also oriented away
from the quinone, so the only possible hydrogen bond to
the QA distal carbonyl oxygen is donated by the peptide
nitrogen of Ile L224. The largest difference is observed for
the bottom of the pockets, as viewed in Figure 9a, where
the residues corresponding to Glu L212 and Asn L213 are
Ala M246 and Ala M247. These two differences alone,
however, cannot explain the different functional properties
of QA and QB, because a Glu L212→Ala/Asp L213→Ala
double mutant of Rb. capsulatus is capable of photosyn-
thetic growth when residue M43 is an aspartate [74]. While
the ring planes of Trp M250 and Phe L216 superimpose
well, the QA plane is closer to the Trp M250 ring plane
than the QB plane is to Phe L216 (Table 1). As judged
from the Trp M250 Cγ– Val M263 Cβ distance (8.3 Å) and
the Phe L216 Cγ–Ile L229 Cβ distances (8.9 Å), the QA
site is slightly (0.6 Å) narrower than the QB site.
The alignment presented in Figure 9 suggests that discus-
sion of electron and proton transfer reactions of Ser
L223→Asn and Ser L223→Asp mutants [62] must take
into account the possibility of the mutated sidechain
being oriented towards Arg L217 in a manner similar to
the way that Asn M257 is oriented towards Arg M251 in
the QA site. Such a reorientation would explain why the
Ser L223→Asn mutant in Rb. sphaeroides is incapable of
photosynthetic growth [62], even though one polar residue
has merely been replaced by another polar residue.
Comparing hydrogen bonding on the proximal sides of
QA and QB, there is no indication from the structure of 
a stronger binding of QA, as has been deduced from
FTIR spectroscopy on Rb. sphaeroides RCs [70,75]. When
comparing hydrogen bonding on the distal sides, however,
QA appears more weakly bound than QB due to the joint
contribution of Gly L225 and Ile L224 towards QB
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Figure 9
Superposition of the QA and QB sites. Carbon atoms of the residues of
the QA site are depicted in cyan, those of the QB site in orange;
hydrogen bonds are shown as dashed lines. Green helices are as
described in Figure 2.
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binding. This observation is consistent with the asym-
metric binding of QA (see previous section) and symmet-
ric binding of QB in reaction centres of Rb. sphaeroides
[75] and Rp. viridis [28].
A mechanistic model
On the basis of the structures presented here, the struc-
tural changes associated with the sequence of events
detailed in Figure 1b can be extrapolated for, firstly, the
binding of QB to the distal QB site  (Figure 10a, as derived
from the new model based on the 1PRC data), which dis-
places some of the water molecules of the empty pocket.
Secondly, (Figure 10b) after a 180° flip of the quinone
ring around the isoprenoid tail and further displacement
of water molecules, the proximal binding of QB can be
derived from the structure of  RUQ2. This is the position
in which neutral QB accepts an electron from QA–. The
hydrogen bonds donated to the quinone will automati-
cally lead to a tighter binding of the negatively charged
semiquinone QB– compared to the neutral species. In a
third step (Figure 10c), concomitant with the transfer of
the second electron, the first proton is transferred (possi-
bly via a transiently protonated Ser L223–OH2+ [76]),
thus forming the monoprotonated, doubly reduced inter-
mediate QBH– (Figure 10d), the structure of which is
derived from the STG complex. After transfer of the
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Summary and extrapolation of events at the QB site within the quinone
reduction cycle (see Figure 1b) as derived from the structures
presented here. Green arrows symbolize quinone movements, blue
arrows proton and electron-transfer events, and red arrows highlight
discussed interactions. See text for details.
second proton, the relative destabilization of binding of
the ubiquinol QBH2 must arise on the proximal side
(Figure 10e). Diffusion of water molecules from the hydro-
gen-bonded chain into the QB site (see Figure 10f) may
facilitate the removal of the quinol, possibly via a structure
similar to that determined in [45], until the QB site is
‘empty’ again (i.e. filled by five to six water molecules).
Biological implications
Quinones are ubiquitous components of electron trans-
port chains in the energy-transducing membranes of
chloroplasts, mitochondria, and bacteria [9,77]. They
can act as mobile lipophilic, distributive electron carri-
ers at branch points of these electron transport chains,
connecting many different membrane-bound electron
transfer complexes. The distribution of quinones and
their role in bacterial photosynthesis have been reviewed
by Parson [78] with photosynthetic bacteria typically
containing 25 quinone molecules per photosynthetic
reaction centre (RC). In this context, the secondary
quinone (QB) binding site described here on the basis of
ubiquinone-2 reconstitution experiments, is the first
binding site for a mobile quinone to be reliably charac-
terized by X-ray crystallography.
In order to understand the mechanism by which light-
induced electron transfer and proton uptake are coupled
it is first necessary to define the intermediates of the
quinone reduction cycle. The structural characteriza-
tion of ubiquinone-depleted RCs and of complexes of
RCs with either ubiquinone or the electron transfer
inhibitor stigmatellin provide new insights into the struc-
tures of these intermediates. For the quinone reduction
cycle to function, the binding affinity for the QBH– inter-
mediate (the inhibitor stigmatellin provides a model for
this intermediate) must be higher than for QB, which in
turn must be higher than for the QBH2 (ubiquinol)
product. This correlates well with the experimental evi-
dence of an approximately one order of magnitude
increased affinity of stigmatellin over ubiquinone for the
QB site and a larger affinity of this site for ubiquinone
than for ubiquinol [79,80].
Explanations for these different affinities can be derived
from the structures reported here. In all three new
structures, the sidechain Oγ of Ser L223 (where L rep-
resents the L subunit of the RC) is deduced to be
involved in the donation of a hydrogen bond to the
sidechain Oδ of Asn L213. The binding of stigmatellin
(and by inference also of QBH–) is favoured over QB
binding by the formation of additional hydrogen bonds
between the proximal methoxy oxygen (acceptor) of stig-
matellin and His L190 δNH (donor), and between the
stigmatellin hydroxyl group (donor) and Ser L223 Oγ
(acceptor). In contrast, the presence of QBH2 in the QB
site is discouraged by the loss of favourable interactions
on the proximal side. As inferred from the structure of the
QB-depleted RC, water molecules which form hydrogen-
bonded chains within the RC could facilitate the release
of ubiquinol by diffusing into the QB pocket; these water
molecules would then have to be displaced by the incom-
ing ubiquinone.
The determination of the structure of the RC complexed
with ubiquinone-2 has provided a reliable basis for elec-
trostatic calculations investigating the effect of light-
induced electron transfer on protonation equilibria within
the RC [76]. In addition, all of the structures reported
here have important implications for the modelling of the
QB site in the chloroplast photosystem II [81–87]. 
Materials and methods
Biological materials
Rp. viridis DSM 133 was grown, and chromatophores isolated, as
described previously [88,89]. RCs were purified as reported in [88],
with modifications reported by Sinning et al. [30], except for a QB
removal step which was performed between the first and second chro-
matography runs. Removal of QB was achieved by illuminating the
pooled fractions with light in the wavelength range of 900–1000 nm
(75 W Xe lamp equipped with 900 nm long wave pass and 1000 nm
short wave pass filter, Laser Components, Grobenzell) for 1 h while
stirring under nitrogen in the presence of 20 mM ascorbate, for prere-
duction and rereduction of the special pair D. This spectral range
selectively excites the special pair D, which absorbs light maximally at
960 nm when it is reduced. The excitation of D initiates electron trans-
fer, which results in QB reduction and diffusion of QBH2 out of the QB
pocket. As QB is lost during the purification [33] and crystallization [60]
procedure, and this effect is increased upon reduction of the pH value
to 6.0 [60], the ensuing purification steps were carried out at pH 6.0 to
ensure quantitative removal of QB.
Crystallization
Crystallization of the RCs was performed as reported [88], except that
the present pH value was 6.0. Reaction centres were generally crystal-
lized in their QB-depleted form. The exception was the UQ2-reconstitu-
tion, where RCs were complexed before crystallization with 50 mM
UQ2 (kindly provided by T Link, JW Goethe-Universität, Frankfurt am
Main). Crystals were carefully removed from the depression wells and
rinsed with soak buffer (as reported by Deisenhofer et al. [11], except
that the pH value here was 6.0). For UQ2-reconstitution and stig-
matellin (Fluka, Deisenhofen) soaks, 50 mM UQ2 and 400 mM stig-
matellin (both from 100-fold concentrated stock solutions in ethanol)
were present in the soak buffer, respectively, and crystals were soaked
for at least 48 h. The redox potential of the soak buffer was generally
approximately +300 mV, thus ensuring that the RC quinones were fully
oxidized (i.e. neutral). Crystals belong to the tetragonal space group
P43212 and were isomorphous to the original crystals with unit cell
dimensions a = b = 223.5 Å, c = 113.6 Å [11].
Data acquisition and processing
Data acquisition was performed in the dark with a temperature of –10°C
at the crystal. Diffraction data were collected using monochromatic syn-
chrotron radiation at wavelengths of 0.92 Å and 1.0 Å at the EMBL X11
and GBF/MPG-BW6 beamlines, respectively, at HASYLAB/DESY,
Hamburg (Table 1). The rotation range around the c axis of the crystals
was limited to 0.45° per high-resolution (dmin = 2.4 Å) image. In addition,
for the data collected at the EMBL X11 beamline, low-resolution
(dmin = 3.1 Å), low exposure (1/10 of that for high resolution) data sets
were collected consisting of 75 images of 0.6° rotations. The oscillation
images were processed with the MOSFLM program package (versions
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4.3.0 and 5.1; [90]) using REFIX [91] for the determination of crystal ori-
entation. Scaling and merging of the oscillation images, data reduction,
and approximate absolute scaling of the data were performed with the
programs ROTAVATA, AGROVATA, and TRUNCATE from the CCP4
program suite [92]. A 3σ cut-off on intensities was applied to the low-
resolution, short exposure data before scaling with ROTAVATA. No cut-
off was applied to the high-resolution, long exposure data.
Initial model building and refinement
As the crystals used in this study were isomorphous to those of the
original work [11], difference Fourier and SA omit map techniques [93]
with the original model [13], (1PRC) as a starting structure could be
used for the approximation of initial phases and the construction of an
initial model.
Crystallographic refinement was performed using iterative cycles of
simulated annealing, conventional positional refinement, isotropic overall
B-factor refinement, and restrained refinement of individual B factors
with the program X-PLOR (versions 2.1 and 3.1 [94]). Manual inspec-
tion and refitting were done with the molecular graphics program O
[73]. Partially refined coordinates of the structure of the RC complex
with UQ2 were then used for the initial phases of the other structures.
All new models presented here contain a carotenoid with a 15–15′-cis
double bond, as derived from the refined structure of a triazine inhibitor
complex of the RC (CRDL and HM, unpublished data). Individual B
factors were refined but restrained to a standard deviation of 1.5 Å2 for
the difference of B factor values of bonded mainchain atoms (2.0 Å2 for
sidechain atoms), and 2.0 Å2 for mainchain atoms related by bond
angles (2.5 Å2 for sidechain atoms).
After each round of refinement, the geometry was checked with the
program package PROCHECK [95] and with X-PLOR, and electron-
density maps were calculated with phases αcalc and amplitudes
2. | Fobs | – | Fcalc | and | Fobs | – | Fcalc |, respectively. Using OOPS
([22,35], problematic regions were identified and then checked interac-
tively with the program O. Water molecules were only introduced at
these positions if the electron density was greater than 1.0 standard
deviation over the mean density in the 2.| Fobs | – | Fcalc | map and their
positioning was consistent with hydrogen-bonding requirements.
The topology file for the RC cofactors of Treutlein and coworkers [44]
was modified to account for the new atom types required by the devel-
opment of the parameter file, based on the analysis of statistical distribu-
tions in related small molecule X-ray structures deposited in the
Cambridge Structural Database [41,42]. For the sidechains of the
common amino acids and the polypeptide backbone this had been done
[40], for the RC cofactors and the inhibitor studied in this work, the
results are reported as Supplementary material. The force constants k
were determined from the sample standard deviations σ with
k=A . exp[–(B +C log σ)], with A =7913.436 kcal mol–1 Å–2, B =9.501,
C = 4.605 for bond lengths, and A = 3821.557 kcalmol–1 rad–2,
B = 0.676, and C = 4.605 for bond angles (see Supplementary mater-
ial). These quantitative relationships were obtained from curve fitting
when the force constants derived by Engh and Huber [40] were plotted
as ln(k/A) against their reported standard deviations σ (see Supplemen-
tary material). This ensured that, firstly, a given force constant was set to
a value such that a thermal population at room temperature would be
distributed, in the absence of other forces, with the same standard devi-
ation about the mean as the statistical sample [40]. Secondly, this pro-
cedure also guaranteed that the force constants for the cofactors were
appropriately weighted with respect to the force constants for the amino
acid residues. An optimal cofactor geometry library is required for a reli-
able discussion of cofactor structure and of protein–cofactor interac-
tions at the intermediate resolution (2–2.5 Å) of this study.
Rms deviations between coordinates were calculated within X-PLOR
and with the RMSPDB program from the X-UTIL suite (G J Kleywegt,
unpublished results). Hydrogen-bonding analysis was performed based
on the refined hydrogen positions from X-PLOR refinements and with
the program HBPLUS [49].
Accession numbers
The coordinates and structure factors have been deposited in the
Protein Data Bank with accession codes 2PRC (RC complex with
UQ2), 3PRC (QB-depleted RC), and 4PRC (RC complex with stig-
matellin), respectively.
Supplementary material
Supplementary material available with the Internet version of the paper
contains: a table describing the web of 202 hydrogen bonds and salt
bridges extending from the QB site in the QB-depleted RC to the cyto-
plasmic surface and the vicinity of the QA site; a figure showing exam-
ples of alternate sidechain conformations; details of the calibration of
Cambridge Structural Database (CSD) based parameter files by
curve-fitting to the parameters of Engh and Huber [40]; database-
derived X-PLOR topology and parameter files for the RC cofactors for
use in conjunction with the parameters of Engh and Huber [40]; and a
table demonstrating the effect of the introduction of the improved
parameter files.
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